Abstract. Spatial heterogeneity of vegetation types and the abiotic environment can influence the occurrence and spread of wildfires, but in some landscapes the importance of these effects varies under conditions of severe fire weather. In the northern Patagonian landscape of forests and shrublands we examined the effects of vegetation type (tall forest vs. tall shrubland) and abiotic factors (elevation, topography, and precipitation) on fire occurrence at a broad scale and on fire spread at a fine scale. We used satellite images (1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999) and aerial photography to map fires in relation to pre-burn vegetation type and abiotic factors. Fire extent is greatest at intermediate elevations and locations of intermediate precipitation. Fire extent is limited by lack of fuel quantity at the lower end of the precipitation gradient and by infrequent or insufficient fuel desiccation at the upper end. Tall shrublands are proportionally more affected by fire than are adjacent mesic forests of Nothofagus dombeyi and N. pumilio. Patches of subalpine forests often tend to serve as natural fire breaks, except under the most severe fire weather. Tall shrublands are dominated by species that resprout vigorously so that fuels quickly recover. In contrast, forests are dominated by species dependent on seed reproduction that sometimes fails after severe fires so that shrublands tend to replace burned forests. The greater propensity of shrublands to burn is a positive feedback that is favorable to fire and that accelerates the replacement of forest by shrublands. Infrequently occurring severe weather is important in the burning of otherwise relatively fire-resistant subalpine forests. Past burning, associated both with drought and early forest clearing, expanded shrublands at the expense of forests so that in the modern landscape an increase in anthropogenic ignitions and the positive feedback of fire and shrublands are synergistically accelerating conversion from forest to shrubland.
INTRODUCTION
In many landscapes, past high-severity fire events create a mosaic of patches of different structure, age, and in some cases species composition, which in some landscapes are believed to influence subsequent ignition probabilities as well as fire severity and spread (Knight 1987 , Floyd et al. 2000 . For example, in some Mediterranean-climate shrublands and Rocky Mountain conifer forests, fire spread and severity are believed to be strongly affected by fuel characteristics related to time since last fire and local topographic influences on stand conditions (Loope and Gruell 1973 , Romme and Knight 1981 , Minnich 1983 ). Yet, for the same landscapes, it also has been proposed that these local influences on fire behavior are less or absent when fire weather is extreme , Heyerdahl et al. 2001 , Moritz 2003 . While the role of fire in creating patchy landscape structures has been widely documented, empirical approaches on mechanisms that govern how fires spread across heterogeneous landscapes have been scarce (Lertzman and Fall 1998) . Fire initiation and spread result from a complex interaction among weather, ignition sources, vegetation, and topography (Agee 1993 , Barton 1994 . The key variables of fuel load, distribution, and water content are a function of the structure and composition of vegetation (often influenced by time since the last fire) and of topography and weather that determine moisture availability at the site (Rothermel 1983) . Topography also directly influences fire behavior by increasing radiant energy transfer from flaming fronts to upslope fuels (Rothermel 1983) , and affects fire spread indirectly through its influence on moisture status of fuels prior to the fire event (Kushla and Ripple 1997, Minnich and Chou 1997) .
Landscape models of fire occurrence in temperate forests often assume that time-since-fire is the main variable, in addition to weather, which determines flammability of the vegetation (Rothermel and Philpot 1973, Johnson and Van Wagner 1985) . In some landscapes, however, such a deterministic relationship between increased probability of fire and stand age is not supported by the empirical data (Moritz 2003) . In fact, in some landscapes long intervals without fire may result in a decreased probability of fire due to successional replacement of fire-prone species by less flammable species (Jackson 1968 , Bond and van Wilgen 1996 , Odion et al. 2004 . Furthermore, occasional disruptions of a general relationship between time-sincefire and fire probability can result from variations in seed availability (Stahelin 1943 , Midgley 1989 , Whelan 1995 , fire-induced edaphic changes (DeBano et al. 1967 , Agee 1993 , or herbivore impacts that alter typical regeneration and successional patterns (Romme et al. 1995, Bond and van Wilgen 1996) . Thus, in the resulting mosaic of patch types of differing flammability and fuel recovery rates, the probability of fire will depend on many factors in addition to time-sincelast-fire (e.g., Moritz 2003) .
To understand fire regimes in complex landscapes, it is important to consider effects of spatial and temporal discontinuities of fuels associated both with topographic influences on vegetation type and with the legacies of disturbance history. The vegetation of northern Patagonia is a complex landscape of patches of mesic forest, xeric woodland, shrublands, and grasslands of differing flammability, which, in some cases, are successionally related (Veblen et al. 2003) . There are extensive post-fire stands of tall Nothofagus and/ or Austrocedrus forests that are characterized by slow regeneration based on obligate seed reproduction. These are juxtaposed with patches of dense tall (2-5 m) shrublands with rapid rates of fuel recovery based on vigorous post-fire resprouting . Following some fires in the mesic forests, given sufficient survival of seed trees and favorable site and weather conditions, the rates of tree regeneration and of fuel recovery may be rapid Lorenz 1987, Kitzberger 1994) . In other cases, however, following more severe burning of tall forests, heavy browsing, or weather conditions unfavorable to tree regeneration, long-lasting shrublands may persist for decades, probably due to newly created microclimatic conditions and higher fire frequencies (Veblen et al. 2003 , Kitzberger et al. 2005 ). In the current study we examine how fire occurrence and spread are influenced by vegetation types of contrasting structure and composition as well as by abiotic environmental variables such as topography and precipitation. We elucidate feedback influences of the landscape on fire occurrence and spread to better understand recent changes in vegetation patterns and the mechanisms important to predicting future changes in the context of anthropogenically altered fire regimes.
Broad-scale spatial analyses of patterns of fire occurrence and post-fire recovery in relation to topographic and other environmental variables may be derived from aerial photographs, satellite imagery, and historical fire atlases (e.g., , Rollins et al. 2002 . Similarly, relationships of fire history to topographic variables have been analyzed through the application of a geographic information system to tree ring based fire history data at an intermediate spatial scale (e.g., a few 1000 ha; Baker and Kipfmueller 2001) . However, multiscale investigations that examine both regional-scale patterns of fire occurrence and local patterns of fire spread in relation to vegetation types and abiotic factors are apparently rare. Furthermore, multiscale studies that consider how biotic and abiotic predictors of fire occurrence and spread change with climatic variation are also rare (Baker and Mladenoff 1999) . In this paper we adopt two spatial scales of analysis (Withers and Meetenmeyer 1999) : (1) a broad scale in which the focus is on patterns of fire occurrence in relation to vegetation types and topography in the context of major gradients in precipitation and ignitions; and (2) a fine scale in which the focus is on how the spread of individual fires is affected by differences in fuel characteristics and moisture contents of patches of differing vegetation types and topographic position. In the broad-scale approach we seek general relationships of fire occurrence with vegetation type and abiotic environmental factors characteristic of relatively large areas. In turn, these relationships are used to develop a logistic regression model for predictive mapping of habitat susceptibility to being burned. In the fine-scale approach the range of the precipitation and elevational gradients is reduced so that we can examine local effects of fuel type and moisture differences between contiguous patches of differing vegetation type or slope aspect or steepness.
We use data mainly derived from Argentine National Park records, satellite imagery, aerial photographs, and digital elevation models to quantify relationships between fire occurrence and a series of biotic and abiotic variables, and to produce a map of predicted fire probability. Using this empirical approach, we address the following specific questions: (1) At a regional scale, which vegetation types are proportionally more affected by fire? (2) When the spread of individual fires is considered, at a fine spatial scale do these vegetation types reflect the same pattern of susceptibility to burning evident at the regional scale? (3) How do topography and position along the regional precipitation gradient modify any relationships between fire occurrence and vegetation type? ( Fig. 1) . It includes both the Andean cordillera (Ͼ2000 m) and low foothills of glacial landforms, often with steep slopes. Soils are derived mostly from volcanic ash (andisols). Due to the rainshadow effect of the Andes on the westerlies, mean annual precipitation declines from ϳ3000 mm at the continental divide to 800 mm at only 80 km in the eastern foothills. Approximately 60% of the annual precipitation falls in the winter season (from May to August).
Forest composition changes along the precipitation gradient and also along the temperature gradient associated with increasing elevation (Veblen et al. 1992) . Subalpine forests of the deciduous Nothofagus pumilio occur above 1000-1100 m in the entire area. In the west, the lowland rainforests are dominated by the evergreen N. dombeyi and other angiosperm and conifer tree species. In the central area at low elevations, N. dombeyi forms monospecific mesic forests or mixed stands with the conifer Austrocedrus chilensis at drier sites. In the western and central sectors, understories of tall forests are typically dominated by dense populations of Chusquea culeou (Ͼ2 m tall). In the eastern area, A. chilensis forms relatively open woodlands that grade into the steppe of low shrubs and bunchgrasses. Dense, tall shrublands occur throughout the west-east precipitation gradient at sites that are either not edaphically suitable for development of tall forest or as successional communities that develop after burning of tall forest. In the wet western district, tall shrublands and dense woodlands of the small deciduous tree Nothofagus antarctica occur mainly in valley bottoms where soil drainage is poor. In the central and eastern sectors, tall shrublands of N. antarctica, Chusquea culeou, and numerous other small trees and tall shrubs (Schinus patagonicus, Embothrium coccineum, Maytenus boaria, Diostea juncea, Lomatia hirsuta, and Berberis spp.) occur from low to high elevations, and abut tall forests.
The study area includes approximately 1.4 ϫ 10 6 ha in four national parks in Northern Patagonia (Fig. 1) . Permanent white settlement began in the 1890s, and today Bariloche (ϳ100 000 inhabitants) is the main city around which sprawl has created a major wildlandurban interface (WUI). Prior to permanent white settlement, fires were ignited both by lightning and Native Americans. A fire suppression policy, only partially successful, was implemented in Nahuel Huapi National Park in 1920 and later in the other parks. Most modern fires are set by humans accidentally, but lightning ignited 8% of all fires (n ϭ 722 fires) and accounted for 16.4% of area burned (118 560 ha; Administración de Parques Nacionales, unpublished data for . Despite suppression of many fires, the area burned has not declined over the 1938-1996 period.
METHODS

Study design
The study was conducted at two spatial scales. At the broad scale in a 780 000-ha area of all of Nahuel Huapi National Park and southern Lanín National Park ( Fig. 1) , we analyzed spatial associations of fire with vegetation type, abiotic factors (precipitation, elevation, aspect, and slope), and proximity to anthropogenic sources of ignition. We analyzed all fires Ͼ2 ha that occurred from 1985 to 1999 (n ϭ 21). At the fine scale we analyzed fire spread in relation to pre-burn vegetation and local topographic variation; we randomly selected 18 fires that occurred between 1950 and 1999 in the four national parks (Fig. 1 ). In the broad-scale approach, data were derived from 1:100 000 to 1:500 000 scale maps, and ground resolution is 60 m. In the fine-scale approach data were derived from 1:20 000 to 1:50 000 aerial photography and maps, and ground resolution is 10 m.
Fire maps and GIS data input for broad-scale patterns of fire
We mapped all fires Ͼ2 ha in extent that occurred in the 780 000-ha study area ( Fig. 1 ) from 1985 to 1999, using Landsat Thematic Mapper (TM) images (U.S. Geological Service, EROS Data Center, Sioux Falls, South Dakota, USA) from 1985 , 1987 , 1990 Release 2 software (Clark Laboratories, Clark University, Worcester, Massachusetts, USA). Images were geographically referenced to pre-existing topographic maps (RMSE Ͻ 30 m). After testing several procedures for delimiting individual fires, including Principal Component Analysis, Normalized Difference Vegetation Index (NDVI) differences, spectral band differences and ratios (Green et al. 1994, Muchoney and Haack 1994) , the best matches with field-checked burns were obtained using NDVI and band 7 differences. Burned area boundaries were afterward visually identified in bands 3, 4, and 7 false-color composite images of pre-and post-fire dates. Where necessary, boundaries were field checked and manually corrected using Cartalinx V.1.2 software (Clark Laboratories, Clark University, Worcester, Massachusetts, USA).
We used topographic, climatic, and vegetation cover data from pre-existing maps as indicators of fuel quantity, structure, and humidity content. Most GIS layers were derived from pre-existing digital maps. Vegetation types were based on the 1:500 000 digital vegetation map of the Valdivian Ecoregion (Lara et al. 1999) . Topographic layers were based on digitized 1:100 000 (100-m contour interval) topographic maps made available by the National Parks Administration. Mean annual precipitation was digitized from 1:750 000 (200-mm interval) isohyet charts (V. Barros, V. Cordó n, C. Moyano, R. Méndez, J. Forquera, and O. Pizzio, unpublished manuscript). A 60-m resolution Digital Elevation Model (DEM) was derived from the digital topographic maps from which elevation, aspect, and slope class layers were generated. As an indicator of high probability of human influences on fire regimes, we included proximity to the city of Bariloche. For this layer we delimited two zones: the area of Nahuel Huapi National Park within a 10-km radius of Bariloche, and the area outside this radius. All the layers were generated and processed with IDRISI 32 Release 2 software.
Analysis of broad-scale patterns
Comparison of burned areas in actual and available environments.-For each variable class (e.g., vegetation types and ranges of elevation, precipitation, aspect, and slope angle; Appendix A) we computed the area burned and the total area of the respective variable class for the entire study area. Results are given as proportion of the total area in a variable class (burned and unburned areas). Areas not subject to forest or shrubland burning (e.g., lakes, high Andean vegetation, and steppe vegetation in the east) were excluded from analysis. We compared observed (proportion of total area actually burned occupied by a variable class) and expected (proportion of the study area in that variable class) graphically, and determined statistical significance by comparing the observed results with results from a simple, neutral model of randomly simulated fires. Random samples of fire sizes (preserving the negative exponential distribution of the observed fire sizes) were used to generate 19 random simulations, each one with 21 simulated fires (the same number as the observed fires). Each point was randomly located on the landscape using masks to eliminate excluded environments (e.g., lakes). Each point was circularly grown to the appropriate size; thus there were no restrictions on the shape of fire spread assumed for wind direction. For each simulation we computed the proportion of the area occupied for each variable class in the simulated total burned area. The range of the 19 simulations defines the lower and upper limits of a 95% confidence interval for assessment of the statistical significance of observed vs. expected values (Bailey and Gatrell 1995) .
Logistic regression.-We conducted logistic regression analyses to detect locations more prone to fires based on fire presence or absence and the abiotic and vegetation variables that influence fire occurrence. We took stratified random samples of the study area, obtaining similar numbers of samples of burned and unburned pixels. To minimize autocorrelation, we used only those sample points that were separated by Ͼ720 m, which yielded an acceptable level of autocorrelation (Moran's I Ͻ Ϯ0.5) for the most highly autocorrelated variable (vegetation class). Each sampled point was assigned to a burned or unburned class. Independent variables were point slope (%), point elevation (m), point rainfall (mm), aspect (pixel frequency of aspect classes in a 90-m radius), vegetation (pixel frequency of vegetation types in a 90-, 150-, and 210-m radius around the sampled pixel). Additionally, a polynomial transformation was used to account for possibly nonlinear responses of area burned with elevation and rainfall. In the polynomial functions the independent variable is the mean value of each variable class, and the dependent variable is the proportion of the burned area within that variable class.
First, we used descriptive univariate analyses (MannWhitney tests) to exclude variables that did not show significant differences between random burned and unburned areas. To avoid colinearity among independent variables, we used only noncorrelated variables (R Ͻ 0.7 and P Ͼ 0.05; Spearman correlation) that performed best with the dependent variable in a univariate logistic regression. The logistic model was developed by following a forward step-wise approach to determine the simplest model that best explained the dependent variable. The selected model was applied to the study area to create a map of fire hazard in which each location was characterized by the probability of belonging to the burned class. All the statistical analyses were done with SigmaStat Version 2.03 software (SPSS, Chicago, Illinois, USA). 
Mapping of fires and predictor variables for the fine-scale analysis
We randomly selected 18 fires from a total of 32 fires occurring between 1950 and 1999 detected from satellite imagery or aerial photographs. For mapping fires that occurred after 1985 we used the methodology described in Methods: Fire maps and GIS data input . . . and made any necessary corrections based on aerial photographs and field checking. For fires that occurred before 1985, we mapped fires from pre-and post-fire aerial photographs (1:30 000 and 1:60 000) taken in 1944, 1945, 1972, and 1980 . All photographs were scanned at a resolution of 300 dpi (2.5-5 m resolution depending on scale), and orthorectified with the Orthobase Module (ERDAS IMAGINE OrthoBASE 8.4; ERDAS, Atlanta, Georgia, USA). For each fire, we mapped pre-fire vegetation of the burned area and surrounding areas extending up to ϳ500 m from the fire boundary. We interpreted physiognomic vegetation types (tall forest, shrublands, and herbaceous vegetation); tall forests were further classified according to dominant species, and shrublands were differentiated as closed or open. Burned boundaries and boundaries between vegetation types were digitized onscreen with Cartalinx software. Pre-burn vegetation maps were field checked against surviving unburned vegetation, and compared with park records of fires.
GIS layers were created for elevation, slope, and aspect from DEMs created by digitizing topographic maps (Geographic Military Institute [Instituto Geográfico Militar] ) at a 1:50 000 scale with 25-m contour intervals. Vegetation and topographic layers were rasterized to a 10-m ground resolution. At the fine scale, rainfall was not considered because fire locations did not cover a measurable range of the rainfall gradient.
Analytical procedures used in the fine-scale analysis
We assumed that for each fire event the proportions of each variable class in the unburned contiguous patches would represent the proportions expected under the null hypothesis that fire spread is not affected by that variable. We compared the proportions of variable classes in burned and unburned areas with a Wilcoxon test for paired samples (n ϭ 18). To test for possible differences associated with extreme fire weather, we performed this same analysis with fires that occurred in extreme drought years as opposed to fires that occurred in non-extreme climatic years. Fire events assigned to the extreme drought class were those that occurred in years in which an aridity index of the twomonth period before the fire was at least 60% below the long-term average for the same twomonth period.
RESULTS
Broad-scale spatial patterns of fire occurrence
Over the 1985-1999 period, we detected and mapped 21 forest fires of Ͼ2 ha that affected a total area of 8468 ha. The observed proportion of xeric N. antarctica woodlands and shrublands in burned areas is 3.5 times greater than its proportion in the entire study area, and exceeded the maximum value (i.e., upper 95% confidence limit) from the random simulation (Fig. 2a) . Conversely, the area of burned mesic N. dombeyi forest is significantly less than the amount expected from the available area of this forest type. The area of burned subalpine N. pumilio forests is also less than expected, but is not statistically significant. Areas of other vegetation types are too small to detect differences between observed and expected values.
The highest classes of elevation (Ͼ1300 m) and of annual precipitation (Ͼ2400 mm/yr) have less observed than expected areas burned, whereas intermediate classes of elevation (especially 1100-1300 m) and of rainfall (especially 1500-1800 mm) show greater observed than expected areas burned (Fig. 2b, c) . Slope does not show any major trends or significant differences between observed and expected areas burned (Fig. 2d) . In contrast, on southerly (mesic) aspects, observed burned areas are much less than expected, but are higher than expected on northerly (xeric) aspects (Fig. 2e) . Proximity to the city of Bariloche is an important influence on area burned (Fig. 2f) . Although this wildland-urban interface (WUI) within 10 km of the city accounts for Ͻ2% of the surface area of the entire study area, it accounts for 36.5% of the total burned area.
Since vegetation type is expected to covary with variables such as elevation, aspect, and precipitation, the area burned in relation to these abiotic variables was examined separately in each major vegetation type (Fig. 3) . In forests of Nothofagus dombeyi and N. pumilio, the extent of burned area on mesic southerly aspects is lower than expected (Fig. 3a, b) . Similarly, for these two forest types the area burned is lower than expected where rainfall is high (Fig. 3d, e) and where elevation is high (Fig. 3g, h) . In sharp contrast, in the N. antarctica vegetation type fire extent is not less than expected for any class of abiotic variables, and instead is much greater than expected on northerly aspects, in the intermediate 1500-1800 mm/yr rainfall belt, and in the 900-1100 m elevation belt.
To further characterize the attributes of areas prone to burning for the purpose of mapping, logistic regression was used to analyze the attributes of 93 locations burned and 106 locations not burned between 1985 and 1999 based on a stratified random sample of the 780 000-ha study area. Most environmental variables analyzed show significant differences between burned and unburned samples (Appendix B). Burned areas have significantly lower abundances of the N. pumilio and N. dombeyi forest types, higher abundances of the N. antarctica shrubland type, are predominantly located on northerly aspects, and occur at lower ele-LANDSCAPE INFLUENCES ON FIRE IN PATAGONIA vations and precipitation levels (Appendix B). Good fits to transformed elevations and precipitation (R 2 ϭ 0.8, F ϭ 18.65, P Ͻ 0.01, and R 2 ϭ 0.6, F ϭ 9.846, P Ͻ 0.01, respectively) indicate that burned situations are associated with intermediate levels of both. There are no significant differences between mean slope in burned and unburned areas.
The pixel frequency of N. antarctica near the sample point and transformed precipitation are the best predictors of burn status of a point (Appendix B). Variables that entered into the model are (in decreasing order of importance) polynomial function of mean annual precipitation (pp pol), pixel frequency of N. antarctica in a 210-m radius (na fr7), and pixel frequency of southerly aspect in a 90-m radius (s-se-sw fr3). The most likely interactions between pairs of independent variables (e.g., each cover type with precipitation and aspect) were also considered, but inclusion of interactions in the logistic regression did not improve the fit. Adding more variables to this three-variable model slightly improved the model fit, but they were not significantly associated with the dependent variable (P value of Wald Statistic Ͼ 0.05). Using a threshold probability for positive classification of 0.5, the three-variable model correctly predicted 79% of the burned locations, and 72% of the unburned locations. Inclusion of the best four variables in the model increased the percentage of negative (unburned) predictions but decreased the percentage of positive predictions, which is the more important criterion in this application. Probabilities (P) of belonging to the burned class were mapped (Appendix C) according to the logistic regression:
Logit P ϭ Ϫ2.896 ϩ (92.815ϫpp pol) ϩ (0.0460ϫna fr7) Ϫ (0.134ϫs-se-sw fr3) (Likelihood Ratio Test Statistic: 73.149, P Ͻ 0.001).
Local environmental influences on fire spread
The fine-scale analysis of local biotic and abiotic influences on fire spread was limited to the three most common vegetation types in which at least 12 fires were recorded. These three are mesic N. dombeyi forests, subalpine N. pumilio forests, and closed shrublands dominated by N. antarctica and or Chusquea bamboos (the latter mostly originated from burned forests). N. pumilio forests occupy a significantly greater median proportion in unburned contiguous patches than in burned areas (0.334 vs. 0.153; W ϭ 93, P Ͻ 0.05, Wilcoxon tests), whereas closed shrublands show the reverse pattern (0.242 vs. 0.542; W ϭ Ϫ88, P Ͻ 0.05). The proportions of burned and unburned N. dombeyi forest are highly variable and show no statistical differences.
At the fine spatial scale, there are no significant differences between proportions of different aspects in burned areas and contiguous unburned patches. The exception is north (xeric) aspect for which burned patches showed a slightly higher median proportion in the burned than in the unburned class (0.0443 vs. 0.0389; W ϭ Ϫ93, P Ͻ 0.05). There are no significant differences in the burned proportions on different aspects within the same vegetation type (P Ͼ 0.05, Kruskal Wallis). Slopes steeper than 60% occupy a proportionally greater area within the burned zone than in contiguous unburned patches (0.165 vs. 0.086; W ϭ Ϫ102, P Ͻ 0.05). Slopes in the 15-30% class are proportionally less extensive in burned than in unburned areas (0.133 vs. 0.284; W ϭ 107, P Ͻ 0.05), whereas the proportion of gentle slopes (Ͻ15%) does not show a significant difference between burned and contiguous unburned patches.
Eight of the 18 fire events occurred during droughts and 10 during non-extreme climatic years. During nonextreme climatic years, only subalpine N. pumilio forests show significantly lower proportions in burned than unburned areas (0.03 vs. 0.3; W ϭ 28 P Ͻ 0.05; Fig. 4b ). Although the proportion occupied by shrublands is greater in burned areas than in the unburned patches (median ϭ 0.626 vs. 0.285), the differences are not statistically significant. For fires that occurred during extreme droughts no significant differences in areas between burned and contiguous unburned patches are evident for vegetation type or aspect, but sample sizes are small (Fig. 4a, c) .
DISCUSSION
Biotic and abiotic landscape controls of fire
Both the broad-scale and the fine-scale analyses indicate that biotic and abiotic variables strongly influence the occurrence and spread of fires across northern Patagonian landscapes. The vegetation mosaic exhibits two strongly contrasting fuel types in terms of susceptibility to fire. Tall shrublands dominated mainly by N. antarctica and Chusquea bamboos show a positive association with burned areas at the broad scale. The results of the analyses at a fine spatial scale imply that once shrubland patches are ignited they tend to burn completely until a topographic break or a less flammable vegetation type is encountered. In contrast, tall forests dominated by N. dombeyi or N. pumilio burn less extensively than expected given their extents in the landscape. The fine-scale analysis suggests that patches of the subalpine N. pumilio forests often tend to serve as natural fire breaks.
The results of this study also show that abiotic factors are important controls on fire occurrence at both broad and fine spatial scales. Along the steep gradient of increasing precipitation from east to west there is a peak of fire occurrence at intermediate rainfall (1500-1800 mm/yr). This probably reflects a limitation on fire occurrence by low fuel productivity associated with the drier (eastern) sites, and lack of fuel desiccation at the wetter (western) sites. Thus, fire occurrence peaks where rainfall is sufficient for the production of continuous fuel loads but where occasional drought periodically results in large areas of dry fuels.
Topographic position also influences fire occurrence probably through meso-scale influences on fuel structures and fuel moisture. At a broad scale, fires are positively associated with mid-elevation slopes (900-1100 m) and/or northerly (xeric) aspects where water demand and fuel desiccation are expected to be highest. Most sites at elevations below 900 m are near the large glacial lakes of the region that may increase moisture availability and reduce maximum summer temperatures. Above 1300 m and on southerly aspects fuel desiccation may decrease due to lower summer temperatures (decreased water demand) and longer snowpack duration into the spring. More frequent anthropogenic ignitions at low elevations in combination with uphill fire spread in a fan-like fashion may contribute to greater fire extent at intermediate elevations. Towards higher elevation, fires tend to fragment and eventually stop either due to moister vegetation types or topographic breaks. Topographic controls on fire occurrence were also found in coniferous forests in North America Knight 1981, Kushla and Ripple 1997) , although such control may be less in the case of large, intense fires .
Some of the broad-scale patterns of fire that occur in relation to gradients in the abiotic environment may reflect the effects of the covarying vegetation pattern, as revealed in the separate analyses by vegetation type.
Fire is less extensive in N. dombeyi and N. pumilio forests on mesic southerly aspects, at high elevations, and under higher precipitation. In contrast, for the N. antarctica shrublands the only significant differences between observed and expected fire extent were increases on xeric northerly aspects and under conditions of intermediate rainfall and elevation. Thus, the differences in fuel structures conducive to less fire in tall forests and more fire in shrublands appear to be amplified by variations in topographic position and moisture availability within the range of each vegetation type.
Although slope steepness at a broad scale was not found to be a significant influence on fire patterns, at a fine scale it was more important than aspect. The lack of significant differences between proportions occupied by gentle slopes (Ͻ15%) in burned and unburned areas may reflect the location of anthropogenic ignitions along roads and lower slopes. Greater fire extent on extremely steep (Ͼ60%) slopes is consistent with the preheating of fuels and the uphill pattern of fire spread. In general, the results of the fine-scale analysis are consistent with a study of fire spread in similar vegetation in New Zealand that also showed that fuel type and slope were the dominant influences on spread (Perry et al. 1999) . At a fine spatial scale, aspect may be a greater relative influence on fire severity than on fire spread, as has been observed in some coniferous forests of the United States (Barrett 1988, Kushla and Ripple 1997) . A logistic linear model based on proximity to N. antarctica shrublands, southerly aspect, and position along the regional precipitation gradient can correctly predict almost 80% of samples taken from burned locations in the study area. However, the map of probability of fire occurrence (Appendix C) is only a first approximation of general patterns of habitat susceptibility to fire. The predictive accuracy of the map is limited by the conditions represented by the type of data and time period represented by the fire data (i.e., 1985-1999) used to create the logistic regression model. For example, we were not able to include stand age as a variable even though field observations suggest that older (e.g., Ͼ200 yr) N. dombeyi forests are less likely to burn than young post-fire stands. Furthermore, the 1985-1999 period for which imagery was available did not include events known to affect fire hazard such as the infrequent regional flowering events of Chusquea bamboos or droughts as severe as those of the 1880s to 1910s and 1943-1944 during which large areas of mesic forests burned (Veblen et al. 2003) . Given the tree ring evidence of past episodes of widespread fires in mesic N. dombeyi forests (Kitzberger et al. 1997 , it is likely that the model underestimates the long-term fire hazard in that vegetation type.
Influence of anthropogenic ignitions on fire patterns
For the 1985-1999 period, fire risk has been substantially greater in the wildland-urban interface (WUI) around the urban area of Bariloche where most of the regional urban population is concentrated. The potential for this increased rate of ignitions to affect the vegetation of the adjacent national park lands is exacerbated by the proximity of Bariloche to areas where vegetation type and abiotic factors result in a high (P Ͼ 0.6) fire hazard (Appendix C). The WUI interface has an annual rainfall of 1500-1800 mm/yr (where peak fire extent occurs), and is surrounded by highly flammable shrublands of N. antarctica and Chusquea bamboos. Many of these shrublands are seral and resulted from extensive burning during European colonization (Veblen et al. 2003) , so that the currently high fire hazard in the WUI is partially the result of an anthropogenic positive feedback. Recently, these feedbacks in combination with extreme droughts produced some of the most extensive burns on record in 1996 and 1999 in close proximity to Bariloche, decreasing scenic values in the tourist/recreation economy.
Effects of extreme weather on relationships of fire to biotic and abiotic factors
Although the small number of fire events in our analysis limits conclusive interpretations, some landscape controls of fire attenuate during extreme fire weather. Under less than the most extreme fire weather, forests of N. pumilio are less susceptible to fire and impede the spread of fire. However, when only fire events that occurred during extreme drought were analyzed, fire occurrence was not significantly influenced by presence of N. pumilio forest. Widespread burning of N. pumilio forests appears to be dependent on the most severe droughts. Similarly, aspect differences seem to influence fire spread during climatically non-extreme years, but not during years of extreme drought. Although the relaxation of local biotic and abiotic controls on fire patterns is not complete during extreme droughts, they are clearly less than in fire years associated with less extreme drought.
Implications for long-term landscape dynamics
This study has shown that shrublands, dominated by N. antarctica and Chusquea bamboos and other resprouters, are proportionally more affected by fire than adjacent mesic forests. Similarly, tree ring studies indicate that fire return intervals in tall shrublands are shorter than in adjacent forests (Veblen et al. 1992) . Fuel recovery after fire is rapid in shrublands that along with site factors and vegetation structure make the shrublands fire prone (Veblen et al. 2003) . In contrast, the tall forests are dominated by tree species (mainly N. dombeyi, N. pumilio, and A. chilensis) that depend exclusively on reproduction by seed, which is a slower and less certain mechanism of post-fire recovery. Their regeneration may be slow or fail entirely due to exceptionally severe fires, fire-induced edaphic changes, lack of seed sources, and/or post-fire herbivory, or unfavorable weather (Veblen et al. 2003 , Kitzberger et al. 2005 . Following fire under these conditions, tall forests are converted to more fire-prone shrublands. Past episodes of extensive and severe fire associated with extreme drought (Kitzberger et al. 1997 would have favored the displacement of forests by shrublands, previously documented by tree ring data, historical photographs, and historical maps (Veblen and Lorenz 1987 , 1988 . Such displacements of forest by tall shrublands would have been facilitated by the mechanisms identified in the current study. In the future, if fire increases due to climatic variation or increased anthropogenic ignitions, the connectivity of shrublands throughout the landscape will increase, which will further facilitate the tendency for shrubland to displace forest because of the positive feedback between shrublands and fire.
The empirical model derived in this study of biotic and abiotic influences on fire extent includes variables related to past disturbance as well as topographically related variables. However, in contrast to models that deterministically predict fire probability from timesince-last-fire (e.g., Rothermel and Philpot 1973, Johnson and van Wagner 1985) , our results stress the importance of variable responses to past burning of forests that sometimes result in conversion from forest to more fire-prone shrublands. The positive feedback between fire and conversion from forest to shrubland due to a contrast between the slowly recovering, fire-sensitive Ecology, Vol. 86, No. 10 forests or woodlands and quickly recovering, fire-prone shrublands may apply to many other complex landscapes (e.g., Debussche et al. 1980 , Latham et al. 1996 , Floyd et al. 2000 . These findings for the Patagonian landscape are consistent with a conceptual model of probability of fire occurrence and spread that allows for spatial and temporal discontinuities of fuels associated with topographic influences on vegetation type as well as the legacies of disturbance history.
